Abstract. Uric acid, a waste metabolite among humans, was linked to various cognitive outcomes. We describe sex and agegroup specific associations of baseline serum uric acid (SUA base ) and significant change in SUA ( SUA: 1 versus 0 = decrease versus no change; 2 versus 0 = increase versus no change) with longitudinal annual rate of cognitive change among a large sample of urban adults. Data from the Healthy Aging in Neighborhoods of Diversity across the Life Span study, 2004-2009 (visit 1) and 2009-2013 (visit 2) were used. Of 3,720 adults selected at baseline (age range: 30-64 y), complete data were available for N = 1,487-1,602 with a mean repeat of 1.5-1.7 visits/participant. Cognitive test domains spanned attention, processing speed, learning/memory, executive function, visuo-spatial/visuo-construction ability, language/verbal, and global cognitive function. SUA was measured at both visits. Multiple mixed-effects regression analyses were conducted. In the total population, a higher SUA base was associated with a faster annual rate of decline on a measure of visual memory/visuoconstruction ability (the Benton Visual Retention Test) by ␥ = 0.07 with a standard error of 0.02, p < 0.001. Among older men, a significant increase in SUA was associated with slower decline on a test of attention/processing speed, namely Trailmaking test, Part A, measured in seconds to completion (␥ = -6.91 ± 1.73, p < 0.001). In sum, a higher SUA base was associated with faster cognitive decline over-time in a visual memory/visuo-construction ability test. SUA had particular beneficial effects of an increasing SUA on the domain of attention/processing speed among older men. More longitudinal studies are needed to examine cognitive domain-specific effects of over-time change in SUA within sex and age groups.
INTRODUCTION
Uric acid, a waste metabolite among humans, triggers development of gout and kidney stones if present 1 Co-senior authors. at elevated levels in serum, increasing risk for hypertension, cerebrovascular and renal disease [1, 2] . Although a diet low in uric acid has little influence on its serum levels, a Mediterranean dietary pattern rich in antioxidants and anti-inflammatory agents is linked to a reduced risk of hyperuricemia [3] .
Previous studies have examined the association between SUA with various cognitive outcomes among middle-aged and older adults [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Some report a potentially adverse effect of hyperuricemia on cognitive outcomes over time [5] [6] [7] [8] [9] [10] [11] [12] [13] , while others suggest a beneficial effect on cognitive performance or slower rate of cognitive decline [14] [15] [16] [17] [18] [19] . Prior study limitations included exposure measurement error [14] , selection bias [14] , small sample sizes (<200 subjects), and/or lack of generalizability [6, 7, 17, 18] . Moreover, many assessed only global cognitive outcomes [9, 11, 15, 16, 18] .
Recent studies point to the importance of examining sex-specific associations between hyperuricemia and cognitive performance or change [5] . First, SUA is more strongly associated with cardiovascular disease incidence and all-cause mortality among women than men, particularly among postmenopausal women [20] [21] [22] . Secondly, a study by Heo et al. [23] uncovered a dose-response relationship between SUA and brain infarction only among women. Finally, higher SUA was linked to slower rate of Parkinson's disease progression in men, but faster progression in women [24] . Finally, in most studies reviewed as well as an earlier report, SUA was higher in older individuals and within each age group, was higher in men compared to women [25] . Most of this evidence suggests that SUA may have a beneficial or no significant cognitive effect among men, while having a potential deleterious effect among women, particularly older women. Moreover, none of the previous studies testing the effect of SUA on cognitive outcomes have examined changes in SUA over-time and its concurrent relationship with cognitive change.
Thus, our present study examines the sex-and agespecific associations of SUA at baseline (SUA base ) and change over time ( SUA) with longitudinal cognitive change among a sample of urban US adults residing in Baltimore city. We hypothesize that the association SUA and cognitive outcomes is an adverse one among women, particularly older women, while being null or protective among men.
MATERIALS AND METHODS

Database and study participants
The Healthy Aging in Neighborhoods of Diversity across the Life Span (HANDLS) study is a prospective cohort study initiated in 2004. The study used area probability sampling to recruit a socioeconomically diverse and representative sample of African American and white urban adults (30-64 years old) residing in Baltimore, Maryland [26] . Written informed consent was obtained from all participants who were provided with a protocol booklet and a video explaining study procedures. Approval of materials was completed by MedStar Institutional Review Board. Data for the present study were derived from baseline visit 1 (2004-2009 ) and the first follow-up examination (visit 2; 2009-2013) . Followup time ranged from <1 y to ∼8 y, with a mean of 4.64 ± 0.93 y.
HANDLS initially recruited 3,720 participants (Phase I, visit 1). Given that only Phase II had in-depth data including biochemical indices and cognitive performance measures, SUA base was available for 2,502 participants. Reliable cognitive test data were complete for N = 2,088 for the California Verbal learning test-free delayed recall (CVLT-DFR) to 2,700 for the Clock Drawing Test at visit 1, and for 2,630 in the case of Mini-Mental State Examination (MMSE) at visit 1. Similarly, at the follow-up visit (visit 2), those sample sizes ranged from 1,728 (Trailmaking Test, Part B) to 1,846 (CVLT-DFR). In the final analytic models which combined both waves, complete data on outcomes at either visit, as well as SUA base and covariates at baseline (e.g., dietary variables and depressive symptoms) were available for N = 1,487-1,602 with a mean repeat of 1.5-1.7 visits/participant and a total number of visits ranging from 2,275 to 2,753. Similar sample sizes were available when exposure was SUA. Supplementary Figure 1 describes sample selection in more details.
Cognitive assessment
Cognitive performance was assessed with 7 tests yielding 11 test scores and covering 7 domains (Global, attention, learning/memory, executive function, visuo-spatial/visuo-construction ability, psychomotor speed, language/verbal): The Mini-Mental State Examination (MMSE), the California Verbal Learning Test (CVLT) immediate (List A) and Delayed Free Recall (DFR), Digit Span Forward and Backwards tests (DS-F and DS-B), the Benton Visual Retention Test (BVRT), Animal Fluency test (AF), Brief Test of Attention (BTA), Trails A and B, and the Clock Drawing Test (CDT) (Supplementary Material 1). All participants were judged capable of informed consent and were probed for their understanding of the protocol. Although no formal dementia diagnosis was conducted, all participants were given mental status tests, which they completed successfully. In every case, low mental status performance was due to low literacy level without any sign of dementia.
Serum uric acid assessment
SUA measurements are useful in the diagnosis and treatment of renal and metabolic disorders, including renal failure, gout, leukemia, psoriasis, starvation or other wasting conditions, and in patients receiving cytotoxic drugs. Using 1 ml of fasting blood serum, uric acid was measured using a standard spectrophotometry method. The reference range for adult men is 4.0-8.0 mg/dL, whereas for women, this range is cited as 2.5-7.0 mg/dL (http://www.questdiag nostics.com/testcenter/TestDetail.action?ntc=905). Other reference ranges were also recently suggested and depend on the menopausal status of women. Those reference ranges are based on predictive value for gout outcomes among healthy individuals and do not necessarily predict other pathologies. Thus, based on recent research evidence, a "normal" SUA value is suggested to be <6.0 mg/dL for all healthy adult individuals [27] . Two main exposures were examined in the analysis: (1) SUA base (visit 1), continuous; (2) Standardized annual rate of change in SUA between the two visits (1 and 2), categorized as significant decline (z<-1.645), non-significant change (-1.645≤z≤+1.645) and significant increase (z>+1.645); termed SUA. The annual rate of change is estimated using a mixed-effects regression model that is described in further detail in Supplementary Material 2. The categorization of the annual rate of change in SUA was made due to the high level of kurtosis found in the distribution whereby the vast majority of participants had a stable SUA with only the upper and lower tails showing significant increase or decrease, respectively.
Covariates
Covariates included age, sex, race (White versus African American), marital status, educational attainment (<High School (HS); HS,>HS), poverty income ratio (PIR<125% for "poor"), measured body mass index (BMI, kg/m 2 ), opiate, marijuana or cocaine use ("current" versus "never or former"), smoking status ("current" versus "never or former") and the Wide Range Achievement Test (WRAT) letter and word reading subtotal scores to measure literacy (see Supplementary Material 1). To assess depressive symptoms with focus on affective, depressed mood, the 20-item CES-D was used. Baseline CES-D total score was included in the analysis as a potential confounder in the association between SUA and cognitive change or baseline performance (see Supplementary Material 1). The Healthy Eating Index (HEI-2010), based on two 24-h recalls administered at baseline, was used as a measure of overall dietary quality. Steps for calculating HEI-2010 are made available by the National Cancer Institute's Applied Research (http:// appliedresearch.cancer.gov/tools/hei/tools.html) and the HANDLS websites (http://handls.nih.gov/06 Coll-dataDoc.htm). Total and component HEI-2010 scores were calculated for each recall day (day 1 and day 2) and then averaged to obtain the mean HEI-2010 total and component scores, thus combining both days. Only total HEI-2010 score was included in analyses.
Statistical analysis
All analyses were conducted using Stata 13.0. First, using survey commands that accounted for sampling weights yielded population estimates of means and proportions. Means across key binary variables were compared using svy:Reg, whereas design-based F-tests were carried out to examine the relationship between categorical variables using svy:Tab. Second, mixed-effects regression models with 11 continuous cognitive test score(s) as alternative outcomes were conducted. In these models the time variable was interacted with a number of covariates including the main exposure variables, namely SUA base concentration and SUA. The models assume missingness at random for the outcomes of interest, given that not all observation had two complete cognitive scores at the two time points (∼1.5-1.7 visits/person). Moderating effect of sex and age groups was tested by adding interaction terms to separate multivariable mixed-effects regressions (3-way interactions Time × exposure × sex or Time × exposure × Age; and 4-way interaction terms: Time × exposure × sex × Age) and stratifying by sex and age to examine relationships among the following groups: (1) Younger men, (2) Older men, (3) Younger women, (4) Older women, whenever at least one 4-way interaction was deemed statistically significant. Supplementary Material 2 describes the approach used in detail. Our choice of age and sex as stratifying variables were guided by the previous literature, which has shown that the effect of uric acid on cognitive decline was mostly seen in older women [5] . Variable time of follow-up is accounted for in the mixed-effects regression model as annual rate of change in the outcome was of primary interest.
Moreover, selection bias may occur due to the non-random selection of participants with complete data from the target study population. Thus, in each mixed-effect regression model, a 2-stage Heckman selection process was conducted, by running a probit model to compute an inverse mills ratio at the first stage (derived from the predicted probability of being selected, conditional on the covariates in the probit model, mainly baseline age, sex, race, poverty status, and education). At the second stage, this inverse mills ratio was then entered as a covariate in the final mixed-effects regression model, as was done in a previous study [28] .
The key parameter of interest was the interaction between time and the main exposures of interest (i.e., Time × SUAbase, Time × SUA decrease , Time × SUA increase ). A familywise Bonferroni procedure was used to correct for multiple testing by accounting only for cognitive tests and assuming that SUA exposures related to separate substantive hypotheses [29] . Therefore, the critical p-value was reduced to 0.05/11 = 0.004. Due to their lower statistical power, 3-way and 4-way interaction terms between Time, exposure, age group and sex had their critical p-values set to 0.05 [30] . Several sensitivity analyses were conducted: A) Baseline use of diuretics was added into the mixed-effects regression model to examine potential attenuation of effects due to the known positive relationship between diuretics and SUA; B.1, B.2) For Trails A versus change in SUA among older men two other sensitivity analyses were done whereby change in HEI-2010 and in BMI over time were added to the model. Mixed-effects regression models with the time variable were used to obtain the empirical Bayes estimators of change in HEI-2010 and BMI over time, which were then entered into the main model alternatively to assess confounding effects. Table 1 displays participant characteristics baseline (visit 1). This sub-set of participants had complete MMSE scores and the analysis is stratified by age group and sex. Overall, younger participants had mean difference in age of ∼16 y compared to older participants (41 y versus 57 y). Compared to younger men, a greater proportion of women (both younger and older) were living below poverty, whereas younger women were less likely to be currently married. However, both older men and women had significantly higher proportions >HS and <HS education compared to younger men whereas lower literacy level was only found in older men when compared to younger men. The highest prevalence of current smoking was found among younger men and were lowest among older women. Similarly, younger men had the highest prevalence of illicit drug use compared to all other sex-age groups. BMI was also lowest in younger men, baseline 2010-HEI total score indicated better dietary quality among older men and women, compared to younger men. Both younger and older women had higher mean CES-D score compared to younger men. SUA base was significantly lower in women of both age groups compared to younger men whereas the reverse was true for older men. SUA base ≥6.0 mg/dL prevalence is estimated at 33% in this sample, with older men having the higher proportion of hyperuricemia defined as such (59%) and younger women having the lowest (17%); (p < 0.001, design-based F-test for difference by age group and sex). However, the distribution of proportions in each category of SUA did not differ by sex and age group. Table 2 shows that in addition to some age group and sex differentials in cognitive performance, only 4 out of 11 cognitive tests changed markedly between visits, with verbal and visual memory scores (3 of 4) declining over time for all age-sex groups. In contrast, a possible learning effect was observed for the global cognitive measure MMSE, among study participants with available data. Table 3 displays associations between SUA base and longitudinal cognitive change, based on mixedeffects regression analyses. However, a higher SUA at baseline was associated with significant increase over time in the number of errors committed on the BVRT test, indicative of faster annual rate of decline by ␥ = 0.07 with SEE = 0.02, p = 0.001. When testing for interaction by sex and age groups, effects were largely homogenous across the four groups (4-way interaction terms in a separated mixed-effects regression model, p > 0.05). Thus, stratum-specific findings were not presented, for simplicity. Figure 1A depicts predictive margins from the mixed-effects regression model with BVRT test score as the outcome, given pre-set values of baseline SUA, with emphasis on differences in the predicted slopes. The observed BVRT test scores across time are also presented for three observed levels of baseline SUA, namely 3, 6, and 9, in Fig. 1B , using both scatter plots and a LOWESS smoothing technique. The results confirm that the rate of increase in BVRT is faster when baseline SUA is higher.
RESULTS
When examining the concurrent association between SUA and longitudinal cognitive change, 
Current smoking status, % 0.005 Currently smoking 43.7 ± 1.7
Current use of illicit drugs, % Used any type 48.4 ± 1. several findings emerged, considering a type I error of 0.05. However, after correction for multiple testing (type I error reduced to 0.004), only one key finding remained. In particular, among older men, a significant increase in SUA was associated with slower decline on a test of attention/processing speed, namely Trailmaking test, Part A, measured in seconds to completion (␥ = -6.91 ± 1.73, p < 0.001) ( Table 4 , Fig. 2) . Results from the first sensitivity analysis (A) indicated that baseline use of diuretics did not have a confounding effect on our key findings (i.e., BVRT versus SUAbase (total population) and Trails A versus increase in SUA (older men)). It is worth noting that around 7.5% of HANDLS participants were using diuretics at baseline. Similarly, for Trails A versus change in SUA among older men two other sensitivity analyses were done whereby change in HEI-2010 and in BMI over time were added to the model. The results were not substantially altered (data not shown).
DISCUSSION
Using data from a large bi-racial cohort study of middle-aged adult men and women, our present study revealed that a higher SUA base was associated with faster annual rate of decline on the Benton Visual Retention Test (i.e., visual memory/visuoconstruction ability) by ␥ = 0.07 with a standard error of 0.02, p < 0.001 in the total population. Among older men, a significant increase in SUA was associated with slower decline on a test of attention/processing speed, namely Trailmaking test, Part A, measured in seconds to completion (␥ = -6.91 ± 1.73, p < 0.001).
Uric acid is a substance that accumulates in the kidney as a result of purine metabolism, specifically when xanthine is degraded enzymatically. The paradoxical relationship between uric acid and neurodegenerative diseases is complex and may involve its dual antioxidant (primarily in plasma) and prooxidant (primarily intracellular) function in neurons [31] . Uric acid is a natural antioxidant aiding the removal of superoxide (O2 -) by preventing the degradation of superoxide dismutase, the enzyme responsible for its clearing [32] . Removal of O2 -helps to prevent its reaction with nitric oxide, blocking the formation of peroxynitrite (ONOO -), a biological oxidant associated with many pathologies, [33] , including neurodegenerative diseases (e.g., multiple sclerosis) [34, 35] , optic neuritis [36] , Parkinson's disease [37] , and Alzheimer's disease (AD) [38] ). In these conditions, a low level or overtime reduction in SUA may not be able to prevent the toxicity generated by peroxynitrite, resulting in nitration of amino acids such as tyrosine and cysteine [39] , DNA damage and mitochondrial dysfunction leading to cell death, necrosis, and apoptosis [32] . Therefore, despite the fact that chronic elevations in SUA are associated with increased risk of stroke mortality or outcomes after stroke [40, 41] , acute elevations of SUA can provide anti-oxidant protection by scavenging ONOO-and acting upon astroglia, upregulating protein levels of EAAT-1, a glutamate transporter which can protect spinal cord and cortical neurons against focal ischemic brain injury [42, 43] . mixed-effects linear regression models adjusted for baseline age, sex, race/ethnicity, marital status, education, WRAT total score, poverty income ratio, current smoking status, current use of illicit drugs, body mass index, CES-D total score and 2010-HEI. Models are stratified and presented by sex and age group when in a separate model, the four-way interaction Time × exposure × sex × Age had at least one term that is statistically significant at the type I error level of 0.05. Bolded numbers are statistically significant after correction for multiple testing. b Most cognitive test scores were in the direction of higher score = better performance, except for BVRT (total errors), and Trailmaking Test both parts (expressed in seconds).
Despite the evidence of an antioxidant effect, each uric acid molecule produced through enzymatic degradation of xanthine generates O2 -, which when produced in acute conditions such as ischemia [44] can overwhelm ONOO-production and override uric acid's neuro-protective effects [12] . Our findings are in line with previous studies reporting that higher SUA base concentrations are associated with poorer performance on several domains of cognitive function, a decline over time in performance as well as dementia and mild cognitive impairment (MCI) [5] [6] [7] [8] [9] [10] [11] [12] [13] . Most recently, a cohort study of 423 cognitively healthy communitydwelling older women participating in the Women's Health and Aging Study (WHAS II) observed that a higher SUA base was associated with poorer working memory, with a trend toward slower manual speed and dexterity, after adjusting for several potential demographic and health confounders [5] . This pattern of association was replicated when a study showed that higher SUA base correlated with greater white matter atrophy [13] and cerebral ischemic burden Table 4 Longitudinal annual rate of cognitive change by annual rate of change in serum uric acid (0 = Stable, 1 = Significant decrease, 2 = Significant increase): Mixed-effects linear regression models a,b
Intercept Multiple mixed-effects linear regression models adjusted for baseline age, sex, race/ethnicity, marital status, education, WRAT total score, poverty income ratio, current smoking status, current use of illicit drugs, body mass index, CES-D total score and 2010-HEI. Models are stratified and presented by sex and age group when in a separate model, the four-way interaction Time × exposure × sex × Age had at least one term that is statistically significant at the type I error level of 0.05. Bolded numbers are statistically significant after correction for multiple testing. Italicized numbers are only statistically significant before correction for multiple testing. b Most cognitive test scores were in the direction of higher score = better performance, except for BVRT (total errors), and Trailmaking Test both parts (expressed in seconds). c Mixed-effects regression model for younger men when outcome was Trailmaking test, Part A did not converge. Thus, an OLS model was conducted.
using volume of hyperintense signal on T2-weighted brain MRI scans as a marker among older adults [12] . The latter studies indicated that the relationship between higher SUA and cognitive dysfunction may be mediated by white matter atrophy and cerebral ischemia [7] . Similarly, a recent cross-sectional study in 288 healthy elderly subjects found that SUA was linked to poorer performance on MMSE [11] . This finding was replicated in another cross-sectional study of 247 subjects with chronic kidney disease and showed that SUA is a stronger predictor of cognitive dysfunction independently of age, educational status, and presence of cerebrovascular disease [9] . Similarly, Ruggiero et al. concluded that SUA concentration among a sample of 1,016 communitydwelling older adults was positively related with the prevalence of dementia, independently of other potential confounders [8] . Finally, a case-control study that included MCI (N = 103), Alzheimer's disease (AD, N = 89), and vascular dementia (N = 54) cases that were compared to 48 controls, found that individuals with simultaneously high levels of homocysteine and SUA had a high probability to be affected by vascular dementia (OR = 10.50; 95% CI: 2.33-47.2) but not AD compared to normal controls [10] . The association between a higher SUA base and a decline in visual memory performance over time may be mediated by increased brain infarction which was shown to occur only in women as a response to elevated SUA [23] . However, further studies are needed to elucidate the potential brain-level mediating factors. Nevertheless, some of our sex-and age-specific findings suggested an increasing SUA over time is a protective factor against decline in certain domains, particularly attention among older men. This is consistent with studies suggesting that higher levels of SUA had beneficial cognitive effects, [14] [15] [16] [17] [18] [19] ranging from a small case-control study of AD (N = 41) versus controls (N = 40) comparing SUA between the two groups [17] , to a large prospective cohort study of 4,618 participants 55 y or older followed-up for 11.1 y for dementia that found an inverse relationship between SUA and risk of dementia after controlling for several cardiovascular risk factors [14] . The remaining four studies were crosssectional in design with the exception of one that was a cohort study of 446 men which found that the lowest quintile of SUA was associated with poorer global cognitive performance as well as poorer performance in domains of memory, executive function, visuo-spatial, and attention. These associations were slightly attenuated when adjusting for cerebrovascular and cardiovascular measures [19] . This study [19] replicated our findings with respect to the protective effect of SUA on the domain of attention in particular, and among older men. Similarly, Li and colleagues found that only among men higher SUA showed an inverse correlation with the risk of cognitive impairment [15] . Genetic studies add evidence of an association between uric acid transporter gene (SLC2A9) and memory performance. In fact, the Lothian Birth Cohort supports a genetic mechanism behind a possible association between higher SUA concentrations and better cognitive performance in later life [45] . Thus, the relationships between SUA and various domains of cognition in our study were mixed. Specifically a deleterious effect of SUA was seen in the case of visual memory in the total population as opposed to a potentially beneficial effect in the case of attention among older men. Cerebrovascular and cardiovascular factors, including white matter atrophy, cerebral ischemia, or infarction may be at play in both cases [7, 12, 13, 19] . As stated earlier, recent evidence suggests that SUA may have a beneficial or no significant cognitive effect among men, while having a potential deleterious effect among women, particularly older women [5, [20] [21] [22] [23] [24] . The deleterious effect observed between SUA at baseline and decline in visual memory overall, may be driven by brain infarction occurring mainly among women in specific regions of the brain related to visual memory [23] . Despite the lack of effect modification by sex or by sex and age group, this association was in fact restricted to women (p < 0.05 for older women, p < 0.01 for younger women). However, more studies are needed to replicate those findings. Antioxidant effects of SUA through the efficient removal of O2 -and blocking of the formation of peroxynitrite (ONOO -) [33] may have a major role on the attention domain only in older men [38] . Future human neuroimaging studies among others should shed some light as to the effect of SUA on various regions of the brain that are linked to those cognitive domains. Genetic studies may also uncover uric acid transporter gene effects on various domains of cognition.
Our study has several important strengths. The large sample size of the HANDLS cohort and its symmetry by age, sex, race, and poverty status, allows for adequate power when examining relationship within demographic strata, including age group and sex. The study's prospective cohort design allows ascertaining temporality of associations with a rich battery of cognitive tests available spanning key domains of cognition. Our analyses also controlled for important potentially confounding covariates, namely key socio-demographic, lifestyle, and health-related factors. Since SUA can be influenced by diet, particularly meat consumption [46, 47] it is important to control for overall dietary quality as was done in the present study. Advanced multivariable techniques were used including mixed-effects regression models which took into account sample selectivity. Moreover, the descriptive part of the analysis accounted for unequal probability of sampling by including sampling weights in order to obtain means and proportions that are representative of Baltimore city.
Nevertheless, our findings should be interpreted with caution in light of some important limitations. First, despite control for major confounding factors, residual confounding cannot be ruled out given that this was an observational non-randomized study. Second, SUA is affected not only by diet and body mass index among other factors that were controlled for, but also by physical activity which was not measured at baseline in the HANDLS cohort. Third, due to lack of factorial invariance across race, gender and poverty status with respect to the structure of the cognitive test battery, we were not able to compute valid cognitive domains from the available test scores. Finally, availability of two cognitive test scores at baseline and the follow-up visit versus having only 1 test score may be dependent on unmeasured selection factors related to health status of participants.
In sum, a higher SUA base was associated with faster cognitive decline over time in a visual memory/visuoconstruction ability test. SUA exhibited mixed associations with cognition. After correction of multiple testing, an increasing SUA was potentially beneficial for the domain of attention only among older men, compared to no change over time. More longitudinal studies are needed to examine cognitive domain-specific effects of over-time change in SUA within sex and age groups.
Supplementary Material 1. Description of cognitive tests, literacy, and the CES-D
Mini-Mental State Examination (MMSE)
The MMSE [1] is a brief mental status test and global cognitive functioning measuring orientation, concentration, immediate and delayed memory, language and constructional praxis.
Scores range from 0 to 30, with higher scores indicating better cognitive performance.
California Verbal Learning Test (CVLT)
The CVLT [2] is a 16-item shopping list measuring verbal learning and memory. A modified version of the CVLT was used with three, rather than five, list A learning trials. Cued recall was not administered. Variables of interest in this study were total correct for List A sum across trials 1-3 and List A long-delay free recall. Scores ranged from 0 to 48 for List A sum and 0 to 16 for List A long-delay free recall. Higher scores indicate better verbal memory. The CVLT is described in detail elsewhere [2] .
Benton Visual Retention Test (BVRT)
The BVRT [3] is a test of short-term figural memory and visuo-constructional abilities.
Administration A, Form D was used. Two trained examiners independently scored the BVRT using a modified error scoring system, based on the BVRT Manual scoring. A consensus was achieved for discrepancies in scoring. If a consensus between the two examiners could not be reached, MKT, a research psychologist assigned the score. Scores were total errors, such that higher values indicate poorer visual memory.
Digit Span Forward and Backward (DS-F and DS-B)
The Wechsler Adult Intelligence Scale, Revised [4] Digit Span Forward and Backward are tests of attention and executive functioning, specifically working memory. They were administered according to standard instructions, and the total score was the total number correct for each test.
Animal Fluency
Animal fluency, a measure of semantic verbal fluency, requires participants to generate as many animals as possible for 60 seconds. Higher scores indicate better verbal fluency, with the total number of words, minus intrusions and perseverations analyzed.
Brief Test of Attention (BTA)
The BTA [5] is a measure of divided auditory attention. An examiner administered 10 trials where increasing longer lists of letters and numbers (containing 4-18 items) were read.
Participants were instructed to keep track of how many numbers were read during each trial, disregarding the number of letters, and were told to keep their hands in fists to discourage counting on their fingers. Only the numbers portion of the test was administered. The total score was the total number of trials correct out of 10.
Trail Making Tests A and B (Trails A and Trails B)
Trailmaking test A and B [6] are tests of attention and executive functioning, respectively, specifically cognitive control and visuo-motor scanning/processing speed. Participants were instructed to draw lines between consecutive numbers (Trails A) or alternate between numbers and letter (Trails B) as fast as they could while a stop watch recorded time. When errors were committed the participant corrected the error by returning to his/her last correct response and continued from there. The stop-watch ran while corrections were made. Scores reflected time to completion (in seconds) separately for Trails A and B. Higher scores indicate poorer performance.
Clock Drawing Test -Clock to Command (CDT)
The Clock Drawing Test [7] is a test of visuo-spatial and visuo-constructional abilities.
Participants are asked to draw a clock, put in all of the numbers and set the hands for 10 after 11.
Scores are assessed for the clock face (0-2), numbers (0-4) and hands (0-4), with a range from 0 to 10, with higher scores indicating more accurate clock drawing. Participants who did not score a 10 on the command version of the test were asked to copy a clock with the time set to 10 after 11.
Wide Range Achievement Test -3 rd Edition: Word and Letter Reading Subtest (WRAT)
The WRAT Word and Letter Reading Subtest [8] is a test of verbal knowledge, frequently used as a proxy for literacy and educational quality. Participants were asked to pronounce a list of 50 words that increased in difficulty. If a criterion of the first five words correctly pronounced was not reached, letter reading was administered. The tan form was administered according to standard instruction and the score was the total number of words correctly pronounced.
Center for Epidemiological Studies Depression Scale (CES-D)
The CES-D [9] is a 20-item measure of depressive symptoms. Participants are asked to rate the frequency and severity of symptoms over the past week. Scores range from 0 to 60, with scores of 16 and higher indicating significant depressive symptoms, and scores of 20 and higher indicating significant clinically depressive symptoms.
Supplementary Material 2. Description of mixed-effects regression models
The main multiple mixed-effects regression models can be summarized as follows: interaction with TIME (γ 1a ), as described in a previous methodological paper. [10] For the estimation of the annual rate of change in SUA from which categorical ΔSUA is obtained, another model was carried out with SUA as the outcome (Y ij ), Time as the level-1 predictor, level-2 intercept fixed effects and disturbance (i.e. γ 00 and ζ 0i ) and level-2 slope fixed effect and disturbance (i.e. γ 10 and ζ 1i ), with no level-2 predictors. This model was used to obtain the empirical Bayes predictor of the slope for each individual i (γ 10+ ζ 1i ). Since Time is in years, it is an estimation of the annual rate of change in SUA for each individual i. This annual rate of change is then transformed into a standardized z-score. Value below -1.645 were then named: "Significant decrease in SUA", Values above +1.645 were named: "Significant increase in SUA"
Multi
and Values between -1.645 and +1.645: "Stable". This categorical variable (ΔSUA) was then entered as a predictor into the main mixed-effects regression model described earlier as two dummy variables, using "Stable" as the referent category.
